DEVELOPMENTAL BIOLOGY 188, 48-63 (1997J 
ARTICLE NO. DR978597 



Glial-Restricted Precursors Are Derived from 
Multipotent Neuroepithelial Stem Cells 1 



M. S. Rao* and Margot Mayer-P*oschelt' 2 

"Department of Neurobiology and Anatomy, University of Utah Medical School, 50 North 
Medical Drive, Salt Lake City, Utah 84132; and t Huntsman Cancer Institute, University of 
Utah, Biomedical Polymers Research Building 5701, Room 4WC, Salt Lake City, Utah 84112 



Neuroepithelial cells in the developing ventricular zone differentiate into neurons, astrocytes, and oligodendrocytes. It is 
not known, however, whether this differentiation occurs in a single step or is a pathway utilizing intermediate more 
restricted precursor cells. To characterize the generation of glial cells from multipotent stem cells we have cultured 
neur epithelial (NEP) cells from El 0.5 rat embryos. Cultured NEP cells do not express any glial differentiation markers 
when grown on fibronectin/laminin under nondifferentiation conditions. NEP cells, however, differentiate into A2B5 
immunoreactive cells which can subsequently give rise to oligodendrocytes and astrocytes. Clonal analysis of NEP cells 
dem nstrates that the A2B5 immunoreactive cells arise in clones that contain neurons and astrocytes, indicating that 
A2B5* cells arise from multipotent NEP precursor cells. A2B5" cells, maintained as undifferentiated cells over multiple 
passages, can subsequently give rise to both oligodendrocytes and astrocytes. A2B5 + cells, however, do not generate neurons. 
Thus A2B5 + cells represent a restricted progenitor cell population that differentiates from a multipotent NEP cell. Based 
n our results we propose that differentiation of the multipotential NEP cells to terminally differentiated glial cells occurs 
via intermediate restricted precursors. © 1997 Academic Press 



INTRODUCTION 

Multipotent cells with the characteristics of stem cells 
have been identified in several regions of the central ner- 
vous system and at several developmental stages (for review 
see Gage et al., 1995; Marvin and McKay, 1992; Skoff, 1996). 
These cells, often referred to as neuroepithelial stem cells 
(NEP cells), have the capacity to undergo self renewal and to 
differentiate into neurons, oligodendrocytes, and astrocytes 
(Davis and Temple, 1994; Gritti et al, 1996; Reynolds et 
ah, 1992,- Reynolds and Weiss, 1996; Williams et al, 1991). 
The nervous system also contains precursor cells with re- 
stricted differentiation potentials (Kilpatrick et al, 1995; 
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Price et al, 1987, 1991; Reynolds et al, 1992 ; Reynolds 
and Weiss, 1996; Williams, 1995; Williams et ah, 1991). 
Although it is likely that lineage-restricted cells are the 
progeny of multipotent cells, previous studies have not 
demonstrated a direct relationship between these two 
classes of cells (sec reviews, Morrison et al, 1997; Stemple 
and Mahanthappa, 1997; Temple and Qian, 1996). 

To demonstrate a relationship between multipotent stem 
cells and more restricted precursors we analyzed the devel- 
opment of glial-restricted precursors from NEP cells. We 
chose to focus on the transition of multipotent NEP cells 
to glial precursor cells, as glial precursor cells are the best 
characterized intermediate precursor cells in the CNS. The 
most extensively studied precursor is called the oligoden- 
drocyte-type-2 astrocyte progenitor (0-2A) (Noble et al, 
1990; Raff et al, 1983; Tempel and Raff, 1986; Temple and 
Raff, 1985). 0-2A precursors can be isolated and purified 
from postnatal rat optic nerve, cortex, and spinal cord and 
differentiate into postmitotic GalC* oligodendrocytes or 
into A2B57GFAP* type-2 astrocytes, which are distinct 
from GFAP + /A2B5 type-1 astrocytes (Raff et al, 1983), de- 
pending on the culture conditions. 0-2A progenitor cells 
exhibit a proliferate response to a variety of mitogens, such 
as platelet-derived growth factor (PDGF( and basic fibroblast 
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growth factor (bFGF) (Gard and Pfeiffer, 1990; Mayer et ah, 
1993; McKinnon et al, 1990; Noble et al, 1988) and can be 
kept in an undifferentiated dividing stage as long as both 
PDGF and bFGF are present in the culture medium (Bogler 
et al, 1990). We have used antigenic markers and culture 
conditions described in the 0-2A system to determine glial 
generation in the early spinal cord. 

NEP cells derived from the embryoniG^pinal cord can be 
maintained in an undifferentiated stage over several pas- 
sages but retain the ability to generate neurons, oligoden- 
drocyte, and astrocytes (Rao et al, (1996) Neuroscience Ab- 
stract 215.12). We show that NEP cells differentiate into 
A2B5 immunoreactive cells that lack markers for other cell 
lineages and have a morphology similar to that of 0-2A 
progenitor cells isolated from other embryonic brain regions 
(Aloisi etal, 1992; Fok-Seang and Miller, 1994; Temple and 
Raff, 1985). We provide evidence that these A2B5 + cells 
arise from multipotent NEP cells, can be expanded for mul- 
tiple passages without losing their multipo ten tali ty, and 
can generate oligodendrocytes and astrocytes but not neu- 
rons. NEP-derived A2B5 + cells thus represent glial-re- 
stricted intermediate precursor cells. Using this system, we 
are able to demonstrate for the first time that cells can 
progress from a multipotential stage to a terminal differenti- 
ated end stage via intermediate lineage-restricted precursor 
cells. 

MATERIALS AND METHODS 
Substrate Preparation 

Laminin, used at a concentration of 20 /*g/ml (Biomedical Tech- 
nologies Inc.), was dissolved in distilled water and applied to tissue 
culture plates (Falcon). For the fibronectin solution, fibronectin 
(Sigma) was resuspended to a stock concentration of 10 mg/ml and 
stored at -80°C and diluted to a concentration of 250 /ig/ml in 
DPBS (Gibco). The fibronectin solution was applied to tissue cul- 
ture dishes and immediately withdrawn. Subsequently the laminin 
solution was applied and plates were incubated for 5 hr. Excess 
laminin was withdrawn and the plates were allowed to air dry. 
Plates were rinsed with water and then allowed to dry again. 

Neuroepithelial Cell Cultures 

Sprague-Dawley rat embryos were removed at Embryonic Day 
10.5 (13-22 somites) and placed in a petri dish containing Hanks 
balanced salt solutions (HBSS, Gibco). The tmnk segments of the 
embryos (last 10 somites) weie dissected using tungsten needles, 
rinsed, and then transferred to fresh HBSS. Trunk segments were 
incubated at 4°C in 1% trypsin solution (Gibco) for a period of 10 
to 12 min. The trypsin solution was replaced with fresh HBSS 
containing 10% fetal bovine serum (FBS). The segments were gently 
titurated with a Pasteur pipette to release neural tubes free from 
surrounding somites and connective tissue. Isolated neural tubes 
were transferred to a 0.05% trypsin/EDTA solution (Gibco) and 
incubated for 10 min. Cells were dissociated by tituration and 
plated in 35-mm dishes (Nunc) at high density. Cells were main- 
tained at 37°C in 5% C0 2 /95% air. Cells were replated at low den- 



sity after 3 days. Cells from several dishes were then harvested by 
trypsinization (0.05% Trypsin/EDTA solution for 2 min), pelleted, 
resuspended in a small volume, and replated at a density of 5000 
cells/35-mm dish. The basal medium used in all experiments was 
a chemically defined medium modified from that described by 
Stemple et al (1988). The medium consisted of DMEM-F12 (Gibco) 
supplemented with additives described by Bottenstein and Sato 
(1979) and bFGF (20 ng/ml) and CEE extract (10%) prepared as 
described previously (Stemple and Anderson, 1992). 

Clonal Cultures of Neuroepithelial Cells 

Cells were trypsinized and plated in 35-mm dishes coated with 
fibronectin/iaminin at a dilution of 50 cells/dish. In some experi- 
ments cells were plated at 10 cells/dish. Cells were allowed to 
settle for a period of 4 hr, single cells were circled, and their develop- 
ment was followed in culture. In most experiments clonal cultures 
were terminated after 12 days. In experiments to demonstrate oligo- 
dendrocyte development clones were followed for 18-21 days. In 
these assays approximately 20-40% of single cells died within 24 
hr. Of the remaining cells (60-80%) the large majority (< 90%) 
generated multipotent clones. Clonal plates were usually triple- 
labeled with the cell surface antigen and the appropriate secondary 
antibodies. 



Generation of Neurons, Oligodendrocytes, and 
Astrocytes 

Neuroepithelial cells cultured in nondifferentiating conditions 
for a period of 5 days were harvested by trypsinization and replated 
onto dishes sequentially coated with fibronectin/iaminin (0.25 mg/ 
ml) in neuroepithelial culture medium. For neuronal and oligoden- 
drocyte differentiation, the medium consisted of neuroepithelial 
culture medium described above with the omission of 10% CEE 
(-CEE condition). For astrocyte differentiation the -CEE medium 
was supplemented with 10% fetal calf serum. Differentiation was 
assayed 5 days or 9 days after replating (as detailed in the results). 

Immunopanning ofA2B5 + Cells 

NEP cells were cultured in -CEE conditions for 6 days and the 
A2B5* cell population was purified using a specific antibody-cap- 
ture assay ( Wysocki and Sato, 1978) with modification utilized pre- 
viously (Mayer et al, 1994). In brief, cells were trypsinized and the 
suspension was plated on an A2B5 antibody (Eisenbarth et al, 
l979)-coated dish to allow binding of all A2B5 + cells to the plate. 
The supernatant was removed and the plate was washed with 
DMEM supplemented with additives described by Bottenstein and 
Sato (1979) (DMEM-BS). The bound cells were scraped off and 
plated on fibroncctin/larninin-coated glass coverslips in 300 /xl 
DMEM-BS ± growth factors at 5000 cells/well. In the final culture 
the contaminating number of A2B5~ cells represented less than 
10% of the total cells. The A2B5 antibody for coating the plates 
was used at a concentration of 5 jug/ml protein. Cells were allowed 
to bind to the plate for 20-30 min in a 37°C incubator. Growth 
factors were added every other day at a concentration of 10 ng/ml. 
Recombinant human PDGF-AA was a kind gift from C. Georgc- 
Nascimento and L. Coussens (Chiron Corp.). Recombinant rat 
CNTF was obtained from Precision Research Biochemicals. Re- 
combinant bFGF was purchased from PcroTech Inc. and retinoic 
acid (RA) was obtained from Sigma. 
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Clonal Cultures ofA2B5 + Cells 

After CEE withdrawal cells were stained with A2B5 and IgM- 
monoclonal antibody FITC (Southern Biotechnologies) and plated 
at a limited dilution in 96- well plates coated with fibronectin/ 
laminin at a dilution of 1 cell/well. Cells were allowed to settle 
for a period of 4 hr and wells containing one A2B5 + stained cell 
were recorded. Cells were cultured in the presence of PDGF and 
bFGF for 7 days in which clones usually reacted a size of 50-200 
cells/clone. After washing with bFGF-free DMEM-BS individual 
clones were grown in a medium supplemented with PDGF. In most 
experiments clonal cultures were stained after 12 days. In experi- 
ments designed to demonstrate oligodendrocyte development 
clones were followed for 18-21 days. In experiments where self- 
renewal capacity was demonstrated, clones were replated into 35- 
mm dishes and further expanded with PDGF/bFGF. Clones were 
propagated through four passages. After each passage clones were 
stained with A2B5 to determine their homogeneity. 

Immvnocytochemistry 

Staining procedures were as described previously (Mayer et al, 
1994). The antibodies used are listed in Table I. Staining for the 
cell surface markers A2B5, a-GalC, 04 {cell lines ohtaincd from 
ATCC), and p75 (Yokoyama et al, 1993) was carried out in cultures 
of living cells. To stain cells with antibodies against internal anti- 
gens like GFAP (Sigma), which recognizes specifically astrocytes 
(Bignaini et al, 1972), 0-IH tubulin (DAKO) and RT-97, which stain 
neurons (Gciscrt and Frankfurter, 1989), nestin, a marker for undif- 
ferentiated stem cells (Lendahl et al, 1990), or 5-brbmodeoxyuri- 
dine (BrdU, Sigma), to determine the number of dividing cells, cul- 
tures were fixed with ice-cold methanol. All secondary monoclonal 
antibodies were purchased from Southern Biotechnology. 

Double labeling experiments were performed by simultaneously 
incubating cells in appropriate combinations of primary antibodies 
followed by non-cross-reactive secondary antibodies. In triple label 
experiments, cultures were incubated with the primary antibody 
in blocking buffer for a period of 1 hr, rinsed with buffer (PBS), and 
incubated with a species-specific secondary antibody in blocking 
buffer for 1 hr. Cultures were rinsed three times with PBS and 
examined under a fluorescent microscope. For labeling cultures 
with four antibodies simultaneously, live cells were first incubated 
with the surface antibodies A2B5 and «-GalC without the second- 
ary layers. Clones were then fixed in ice-cold methanol for 10 min 
and stained with or-/MII tubulin and the appropriate secondary anti- 
body. After scoring the result of this staining, which one of it usu- 
ally being negative, clones were stained with GFAP and the second- 
ary layer for the first set of surface antibodies. Finally, the second- 
ary antibody for GFAP was added. This procedure allowed staining 
with four antibodies using only three fluorescent-color conjugated 
secondary antibodies. 



RESULTS 

Neuroepithelial Cells Do Not Express 
Oligodendrocyte Lineage Markers in Vivo 
and in Vitro 

Neurons, oligodendrocyte, and astrocytes can be identi- 
fied using a variety of lineage-specific markers (Table 1) 
(Eisenbarthetfll, 1979; Geisert and Frankfurter, 1989; Som- 



mer and Schachner, 1981; Trimmer et al, 1991). In addition 
to defining differentiated cells, some precursor cells can also 
be recognized by specific antibodies. We employed two such 
markers in this study: nestin is expressed by a variety of 
undifferentiated cells in the CNS (Dahlstrand et al, 1992a, 
1992b; Lendahl et al, 1990; Tohyama et al, 1992, 1993; 
Zimmerman et al, 1994), while the A2B5 antibody labels 
0-2A progenitor cells (for summary see Table 1). 

NEP cells in vivo do not label with any lineage markers 
tested (Fig. 1, a-GalC and a-/MII tubulin not shown) as 
determined by labeling the neural tube sections of rat em- 
bryos at 10.5 days gestation with differentiation markers 
(Fig. 1 and Table 1). Nestin was, however, expressed uni- 
formly throughout the tissue. 

To determine whether NEP cells isolated from the neural 
tube at that stage remained negative for differentiation 
markers in vitro, dissociated NEP cells from the rat spinal 
cord at Day 10.5 were plated on fibronectin/laminin coated 
dishes. Cells were cultured in the presence of bFGF (10 ng/ 
ml) and 10% chick extract (CEE) for 3 days. In this culture 
condition, cells grew as a population of undifferentiated 
precursor cells which can be propagated in culture for at 
least 5 passages as long as bFGF and CEE are constantly 
supplied (Rao et al (1996) Neuroscience Abstract 215.12). 
NEP cell cultures were established and stained after 3 days 
of in vitro growth with antibodies present on lineage com- 
mitted glial cells (Table 1). Consistent with the in vivo 
staining pattern, cultures were a-nestin * and a-GFAP and 
A2B5" (Fig. 2) as well as negative for other lineage markers 
(Table 1). 

A2B5 Immunoreactivity Defines Glial-Specific Cells 
in the NEP Cell Population 

A2B5 immunoreactivity identifies a glial precursor cell 
at various stages of development in the brain (Noll and 
Miller, 1993; Pringle and Richardson, 1993; Raff et al, 1983; 
Warf et al, 1991; Yu et al, 1994) and spinal cord (Fok-Seang 
and Miller, 1994). We therefore examined the expression of 
A2B5 in NEP cultures. Seventy percent of NEP cells cul- 
tured in the absence of CEE for 3 days exhibit A2B5 immu- 
noreactivity (data not shown, see, however, Fig. 3). These 
A2B5 + cells had a flat morphology and were able to divide 
in the presence of bFGF. After 4 days in culture in the 
absence of CEE, 81 ± 7% of A2B5 + NEP cells, stained with 
anti-BrDU for 24 hr, were engaged in cell division (Fig. 3). 
Double labeling the NEP-derived A2B5+ ceils with the anti- 
bodies a-nestin, a-GalC, or-GFAP, a-/?-ffl tubulin, and a- 
p75 (p75, an antibody against the low-affinity NGF receptor, 
has been described to recognize a subset of astrocytes) 
showed that none of the lineage markers were coexpressed 
on A2B5 + cells (Fig. 3). A substantial subset of the A2B5 + 
cells, however, expressed a-nestin. This coexpression of a- 
nestin and A2B5 has previously been described on 0-2A 
progenitor cells. Thus NEP-derived A2B5 + cells are antigen- 
icaily similar to 0-2A progenitor cells. 

A2B5* cells when stained after an additional 2 days in 
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TABLE 1 

Antibodies Which Identify Specific Cell Types 



Antibody/dilution 






Antigen recognized 


Cell type recognized 


A2B5° 


Mouse (IgM) 


1:2 


Gangliosides 


Glial precursors 


04 


Mouse (IgM) 


1:2 


Galactoside 


Oligodendrocytes/precursors 


a-GalC 


Mouse (IgG) 


1:2 


Galactocerebroside 


Oligodendrocytes 


a-GFAP 


Rabbit (IgG) > v 


1:500 


Glial fibrillary acid protein 


Astrocytes 


a-/MII tubulin 


Mouse (IgG) 


1:400 


0-ffl tubulin 


Neurons 


RT-97 


Mouse (IgG) 


1:5 


Neurofilament 


Neurons 



Note. Antibodies were used in combination for double or triple label experiments. 

: a A2B5 was originally identified as a neuronal marker (Eisenbarth, 1979). We and others have found that A2B5 is specific for glial cells 
in this system. 



. cultures had begun to express glial-specific markers. A sub- 
population of cells were clearly GalC + by that time. To 
Confirm that cells were sequentially differentiating into oli- 
godendrocytes, cultures were stained with 04 and a-GalC 
As expected^ 30% of the 04" cells coexpressed a-GalC, re- 
sembling immature oligodendrocytes. Double labeling with 
A2B5 andtt-GFAP showed that 10% of the A2B5 f cells were 
also GFAP + , resembling the antigenic characteristic of type- 
2 astrocytes (Figs. 4A-4F). All the markers which were 
coexpressed at that later time point on a subset of A2B5 + 

. cells are characteristic of cells which have been described 
to belong to the 0-2A lineage. This observation suggested 
that at least a subset of the A2B5 + cells represented glial 
precursor cells and that A2B5 was a useful marker to define 
this subpopulation of cells in more detail. 

A2B5+ Cells Arise from Multipotential Stem Cells 

To investigate whether A2B5 + cells arise from muitipotent 
NEP cells or whether A2B5 + cells arise from an already com- 
mitted subpopulation of A2B5" NEP cells, we plated cells at 
clonal densities and followed their development in culture for 
1 0 days. Dishes were then double stained with the antibodies 
A2B5/a-0-in tubuhn or A2B5/a-GFAP (Figs. 5A and 5B, re- 
spectively) and 132 clones were analyzed (Table 2). Nearly all 
132 analyzed clones consisted of a mixture of A2B5 + , GFAP ' , 
and /HE tubulin* cells. Ninety-one percent of the clones con- 
tained cells that were either A2B5 + or a^GFAP 4 , while 93% 
of the clones were either A2B5 + or a-P-TR tubulin*. None of 
the analyzed clones consisted only of cells which were A2B5 + . 
It is noteworthy that although at this early stage none of 
the clones contained GalC + cells, oligodendrocytes could be 
identified in clonal cultures and in mass cultures at later 
stages (12-15 days post-CEE condition). 

The clonal analyses suggested that the A2B5 + population 
arose from a common multipotential A2B5" precursor cell. 

A2B5+ Cells Differ from Neuroepithelial Cells in 
Their Differentiation Potential 

The mass culture and the clonal experiments suggested 
that the marker A2B5+ defines cells which might represent 



the precursors for glial cells but not for neurons. In order 
to determine directly whether NEP-derived A2B5 4 cells can 
only give rise to glial cells, we purified the A2B5 + popula- 
tion by immunopanriing (see Materials and Methods). After 
5 days of culturing NEP cells in the absence of CEE, cells 
were immunopurified, plated on fibroriectin/laminin- 
coated dishes, and exposed to cytokines previously associ- 
ated with differentiation of precursor into oligodendrocytes, 
astrocytes, or neurons. The A2B5 panned population was 
>98% positive for A2B5 + cells when stained 1 hr after pan- 
ning. Staining 24 hr after plating showed that all cells of 
the panned population were A2B5 + and did hot express any 
other lineage markers tested (Fig. 6, a-P-W. tubulin staining 
not shown). 

Panned cultures, in the presence of bFGF alone for 5 days 
consisted of 1% oligodendrocytes, 50% GFAP + astrocytes, 
and 49% A2B5 + cells. The proportion of differentiated cells 
was significantly shifted when the bFGF containing me- 
dium was replaced after 3 days with medium supplemented 
only with PDGF. In this condition, 30% of the culture con- 
sisted of oligodendrocytes, 50% of astrocytes, and 20% of 
the cells were A2B5 + cells (Fig. 7). 

Although growth in the presence of bFGF alone was suf- 
ficient to allow differentiation of NEP cells into neurons 
in the parent population (details of the parent population 
described in Kalyani et al, 1997) we failed to detect any 
neurons in the A2B5 + -panned population cultured in the 
presence of bFGF (Fig. 7). To enhance the probability of 
neuronal differentiation, we additionally supplemented the 
medium with retinoic acid (in this culture condition 10 of 
10 clones of the parent population contained 0-IU tubulin* 
neurons). Even in this neuron promoting environment the 
immunopurified A2B5 + population did not contain /ME 
tubulin + cells. It was unlikely that we lost the neuronal 
population through selective cell death because we did not 
observe significant cell death in the panned mass cultures 
at any time, suggesting that neurons did not appear rapidly 
and died, nor did we detect any evidence of 0-III tubulin* 
"ghosts." 

These results suggested that the precursor cells which 
are responsible for generating neurons were not part of the 
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FIG. 1. Neural tube from rat embryos at 10.5 days gestation did not express glial lineage markers. E10.5 rat embryos were collected and 
neural tubes dissected, fixed, and sectioned. Sections were double labeled with or-nestin, a-GFAP, or A2B5 (A-F). A (fluorescence) and D 
(phase) show a representative section illustrating nestin expression in the neural tube. B, C, E, F show that nestin* cells are A2B5" and 
GFAP". 
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$tt£> nG ' 2 ' NEP ceils do not ex P ress S liaI markers in vitro in the presence of CEE. E10.5 rat neural tube cells were dissociated, plated at 
gpv; . low density, and grown in the presence of bFGF and CEE for 5 days. Cells were double labeled with a-nestin and a-CFAP (A and B| or a- 
nestin and A 285 - ' c and °)- An NEP celIs «e nestin + and GFAP7A2B5" 
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A2B5/Brtll 




A2B5/j)75 



PIG. 3. A2B5 + cells divide in vitro and do not express other differentiation markers after 5 days in culture. E10.5 rat 



A2B5/b-m tubulin 




A2B5/G] \\> 



FIG. 3. A2B5 + cells divide in vitro and do not express other differentiation markers after 5 days in culture. E10.5 rat neural tube cells 
were dissociated, grown for 3 days in the presence of CEE and bFGF, and then replated at 5000 cells/coverslip in medium devoid of CEE 
for an additional 5 days. Cells were incubated for 24 hr with BrDU and stained with anti-BrdU. Parallel cultures were double stained after 
7 days with A2B5/a-ncstin, A2B5/a-GalC, A2B5/a-GFAP, A2B5/«-p75, or A2B5/*-/MII tubulin. 20% of the A2B5 + cells were nestin 4 
while all A2B5 + cells were negative for differentiation markers. A2B5 staining is shown in green (fluorescein) while a-BrDU a-nestin a- 
GalC, a-GFAP, o-p75, and a-P-TR tubulin are stained in red (rhodamine). ' ' 
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HQ. 4. A2B5 is coexpressed with other glial markers after 7 days in culture. El 0.5 NEP cells grown in the presence of bFGF + CEE for 
3 days were harvested, replated in bFGF containing NEP medium without additional CEE, and grown for an additional 7 clays Culture 
dwhes.werc double labeled with A2B5/ar-GalC, 04/or-GalC, or A2B5/«-CFAP. A subset of the A2B5 V cells were also GalC + or GFAP 4 ". 
The GalC704+ cells represented immature oligodendrocytes (Bansai et al, 1989; Card and Pfeiffer, 1990, Sornmer and Schachncr 1981* 
Warrington and Pfeiffer, 1992). ' ' 
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FIG. 5. A2B5 f cells arise from imiltipotent NEP cells. NEP cells were dissociated and plated at clonal densities. After 5 days clones were 
stained with A2B5/a-/?-TH tubulin or A2B5/a : GFAP. Nearly all clones contained A2B57/M1T tubulin* cells (A) or A2B5 VCFAP* cells (B). 
None of the clones consisted of solely A2RV cells. A2B5 staining is shown in green (fluorescein), while <*-0-in tubulin and «-GFAP are 
stained in red (rhodamirie). — • 



immunppurificd A2B5 + population. As the A2B5-panned 
cells gave rise to astrocytes and oligodendrocytes but not 
to neurons, it appeared that the A2R5 *' population contained 
precursor cells which were restricted to the glial lineage. 

A2B5+ Cells Generate Multipotential Glial 
Precursor Cells 

Our mass culture experiments suggested that the A2B5 
panned population contained cells with a differentiation 
potential restricted to glial lineages. This experiment, how- 
ever, did not address whether astrocytes and oligodendro- 
cytes are generated from committed unipotentiai cells pres- 
ent in the A2B5+ population or whether single cells are 
hipotential and can generate both astrocytes and oligoden- 



TABLE 2 



NEP Cells Generate Mixed Clones in Vitro 


Antigen expressed 


Percentage of 
clones 


Number of 
clones 


A2B57/MII tubulin* 
A2B5'/GFAP + 
A2B5* alone 


93 
91 
0 


71/76 
51/56 
0/132 


Total number of 
clones analyzed 


132 





Note. NEP cells were isolated and grown at clonal densities in 
the absence of CEEand in the presence of bFGF. After 7 days clones 
were stained with antibodies against A2B5/«-0-lil tubulin or A2B5/ 
or-CFAP. The majority of clones contained a mixture of cells either 
A2B5//MII tubulin* or A2B5/GFAP + . No pure clones were found. 



drocytes. To address this question we performed clonal ex- 
periments, wherein the A2B5-panned population was 
stained with A2B5 1 day after panning and cells were plated 
at limiting dilution in 96-well plates. Wells were scored 
with immunofluorescence and wells with one A2B5 + - 
stained cell were recorded and cultured in PDGF/bFGF for 
7 days. This procedure allowed the expansion of clones and 
also minimized the amount of cell death occurring when 
single cells were plated directly into differentiation condi- 
tions (unpublished observation). After 7 days expanded 
clones contained from 50 to 200 cells and were uniformly 
A2B5 + . 

The majority of the clones (51) were first washed with 
bFGF-free DMEM-BS and then switched to PDGF-supple- 
mented medium, an effective culture condition to induce 
oligodendrocyte generation as shown in mass culture exper- 
iments. All clones contained oligodendrocytes, GFAP + as- 
trocytes, and A2B5 + cells, while none of the clones con- 
tained /?-lII tubulin + cells, suggesting that single A2B5 + 
cells were at least bipotential and also were restricted to 
glial cell lineages (Table 3). A representative clone expanded 
in PDGF/bFGF, switched to PDGF, and stained after 7 days 
is shown in Fig. 8. 

We also tested the differentiation potential of A2B5 + cells 
in a culture medium supplemented with bFGF and CNTF. 
From our panned mass culture experiments, it seemed clear 
that bFGF alone leads to an increase in the number of 
GFAP + astrocytes and a decrease in the number of oligoden- 
drocytes. Depending on culture conditions, CNTF has been 
shown to promote oligodendrocyte generation (Mayer et ah, 
1994) or to lead to the.generation of type-2 astrocytes, which 
express A2B5 and GFAP transiently (Lillien and Raff, 1990) 
or stably (Fok-Seang and Miller, 1992; Madarasz et aL, 
1991). We analyzed a total of six clones, which were ex- 
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FIG. 6. Panned A2B5* cells are negative fox lineage markers after 1 day is culture. A2B5 + cells were isolated from mixed NEP cells by 
immunopurificatipn and cultured in the presence of bFGF. Cells were stained after 24 hr with A2B5, a-GFAP, or a-GalC. After 1 day in 
culture all A2B5* cells were and a-GFAP'/ff-GalC- . 







FIG. 7. A2B5 + cells differentiate into oligodendrocytes and astrocytes but not into neurons. A2B5-panned cells were grown on coverslips 
in the presence of PDGF (A) or bFGF (B) for 9 days. Cultures were then stained with A2B5 (coumarin), a-CalC (rhodamine), a-GFAP 
(fluorescein], and a~/3-Ul tubulin (rhodamin). Cultures contained oligodendrocytes, astrocytes, and A2B5* cells but no neurons. 
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TABLE 3 

Individunl A2B5 " Cells Are Multipotential 

Growth condition 



FGF 

Marker expressed POGF CNTF 



A2B57GFAP* 


0 


X 


6 


A2B5 f 


51 


6 


GFAP* 


51 




4 


GaiC + 


51 




1 


/Mil tubulin* 


' 0 




0 


Total number of clones 


51 




6 



Note. NEP-derived A2B5 + cells were immunopurified and plated 
at serial dilution in 96- well plates. Individual A2B5 immunoreac- 
tive cells were identified and expanded in PDGF/bFGF for 7 days, 
before replacing the culture medium with DMEM-BS supple- 
mented with PDGF or bFGF/CNTF. After 7 days clones were 
stained. All clones were labeled with all antibodies in one staining 
procedure (sec Material and Methods). 



panded in PDGF/bFGF and then switched to bFGF/CNTF. 
Surprisingly, all six clones contained cells which were 
A2B5 + /GFAP + , resembling the type^2 astrocyte phenotype. 
Only 1 clone contained GalC* oligodendrocytes and no 
clone contained 0 UL tubulin* ceils (Table 3). This result 
suggested that in the presence of CNTF and bFGF, A2B5 + 
cells predominantly differentiate into cells with a type-2 
astrocytic phenotype. 

We also analyzed five A2B5 + clones in different neuron 
promoting conditions and, as before, were unable to gener- 
ate neurons. Five PDGF/bFGF expanded clones were tryp- 
sin i zed, divided into two portions, and replated into either 
bFGF alone or bFGF supplemented with retinoic acid. 
Clones were stained with the antibodies A2B5, a-GFAP, a- 
GaJC, and a-/?-IH tubulin (Table 4). None of the clones, 
regardless of whether cells were grown in bFGF alone or 
bFGF/RA, contained /Mil tubulin*. In contrast, all five 
clones consisted of a mixture of cells that were either A2B5 4 " 
or GFAP + , but not both. Only one clone grown in bFGF 
alone contained GalC + oligodendrocytes, while in bFGF/ 
RA no GalC + oligodendrocytes were found. These data sup- 
port the initial observation, that A2B5 + cells isolated from 
induced NEP cell cultures were multipotential and re- 
stricted in their differentiation potential to cells of the glial 
lineages. 

A2B5+ Cells Have an Extended Self-Renewal 
Potential 

In order to fulfill the criteria of a true intermediate precur- 
sor, cells need to have an extended self -renewal capacity 
without losing the ability to differentiate into more than 
one specific cell type. 

To test the self-renewal capacity of individual A2B5 4 



cells, we selected two clones expanded in PDGF/bFGF for 
7 days for long-term culture and passaging. The two clones 
were refed every other day with PDGF/bFGF and main- 
tained for a total of 3 months with 4 serial passages. Clones 
were grown in PDGF/bFGF as this combination of cyto- 
kines apparently inhibited differentiation and promoted di- 
vision. Cells were stained before and after each passage and 
were negative for differentiation markers but A2B5 + at all 
time points. To determine the differentiation potential of 
long term clones, during each passage single cells were re- 
plated, reexpanded to 50-200 cells, and switched to PDGF 
alone to promote differentiation. In this secondary cultures 
oligodendrocytes and astrocytes appeared consistently after 
8^- 10 days (Fig. 9). The ability to differentiate into oligoden- 
drocytes and astrocytes was not altered significantly with 
increased passages, suggesting that these long-term propa- 
gated cells were still multipotential. 

Our results show that A2B5 + cells that differentiate from 
multipotent NEP cells can be expanded and propagated as 
precursor cells. Passaged individual A2B5* cells -self -renew 
and are able to generate oligodendrocytes, A2B5 + , and 
A2B5" astrocytes, but riot neurons. NEP-derived A2B5" 
cells thus represent multipotential intermediate precursor 
cells restricted to glial lineages. 



DISCUSSION 

We have shown that multipotent NEP cells can be in- 
duced to generate self-renewing precursor cells restricted to 
subsequent glial differentiation. This self-renewing precur- 
sor population can be isolated by immunopanning using the 
monoclonal antibody A2B5 and can be maintained in an 
undifferentiated state over multiple divisions when grown 
in PDGF and bFGF. A2B5 + cells differ from the parental 
NEP cell population in antigenic phenotype and differentia- 
tion potential. A2B5 + cells lack the ability to differentiate 
into neurons under conditions that promote neuronal dif- 
ferentiation in NEP cells. A2B5* cells retain, however, 
the ability to differentiate into oligodendrocytes and astro- 
cytes and are thus identified as multipotential precursors 
(Fig- 10). 

Several lines of evidence show that the A2B5 immunore- 
active glial-restricted precursors arise from multipotent 
NEP cells; (i) NEP cells are a homogeneously nestin + /A2B5" 
population of cells,* (ii) Clonal analysis of NEP cell cultures 
fail to reveal clones that give rise only to glial cells,- (iii) 
A2B5 + cells always arise in clones that contain A2B5~ neu- 
rons and astrocytes. Thus we can find no evidence that 
the NEP cell population contains a committed A2B5" 02A 
progenitor. A glial-restricted A2B5" precursor cells ("pre- 
02A") has been described by (Crinspan et al, 1990). This 
"pre-02A" precursor,, however, can be distinguished from 
NEP cells in its proliferation response to PDGF and its in- 
ability to differentiate into neurons. We suggest that this 
A2B5" cell type could represent an additional intermediate 
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HG. 8. A2B5 + cells are multipotential. Shown is a representative clone established from single A2B5+ cells. The cell was expanded in 
PDGF/bFGF to a clonal size of 50^200 cells before the culture was washed with bFGF-free DMEM-BS and further grown in medium 
supplemented with PDGF. After 8 days clones were stained with A2B5 (rhodamine), a-GalC (coumarin), a-GFAP (fluorescein}, and 
DI tubulin (courharin). A total of 51 clones was analyzed (Table 3). 



step involved in the transition from NEP cells to A2B5 + 

cells!:. 

The possibility that NEP cells contain subpopulations 
which are A2B5" that give rise to precursor populations 
with other kinds of restrictions cannot be ruled out by our 
present experiments. Retroviral lineage tracing experiments 
haye suggested the existence of oligodendrocyte-neuron pre- 
cursor cells in addition to neuron -astrocyte or oUgodendro- 
cyte-astrocyte precursor cells (Price et ah, 1991, 1992; Wil- 
hams, 1995; Williams et al, 1991). While we cannot iden- 
tify putative oligodendrocyte-neuron precursor cells in the 
A2B5 + population, such cells may well exist in our culture 
conditions among the A2B5" population. We did indeed ob- 
serve the generation of oligodendrocytes and neurons when 
the A2B5" supernatant from the immunopanning procedure 

V-was cultured. These differentiated cells, however, could 
also have been the progeny of undifferentiated NEP cells. 

: Without additional markers for either NEP cells or A2B5" 
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oligodendrocyte-neuron progenitor cells this issue cannot 
be resolved yet. Alternatively it is possible that the oligo- 
dendrocyte-neuron precursor cells previously described are 
multipotent NEP cells that have the capacity to produce all 
three cell types (oligodendrocytes, neurons, and astrocytes) 
but do not differentiate into astrocytes due to environmen- 
tal restrictions and therefore appear to be restricted to an 
oligodendrocyte-neuron pathway. In addition a true oligo- 
dendrocyte-neuron restricted precursor cell could represent 
a specialized precursor cell pool restricted to the ventricular 
zone of the cortex. 

An important characteristic of the NEP-derived A2B5* 1 ' 
population is the inability to generate neurons under condi- 
tion where the parent population generates a large number 
of neurons. For example, 10 of 10 clones of the parent popu- 
lation grown in the presence of bFGF/RA contain /Mil 
tubulin"*" neurons compared to 0 of 5 clones of the A2B5 + 
population. It is noteworthy that the A2B5 + cells when 
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TABLE 4 

Individual A2B5 + Cells Cannot Generate Neurons 



Growth condition 



FGF 

Marker expressed FGF RA 



A2B57GFAP* 0 . 0 

A2B5 + 5 X 5 

CFAP + 5 5 

GalC* 1 0 

0-Ul tubulin* 0 0 

Total number of clones 5 5 



Note. NEP-derived A2B5" cells were immunopurified and plated 
at limiting dilution in 96-well plates. Individual A2B5 imniunore- 
active cells were identified and expanded in PDGF/bFGF. After 7 
days clones were switched to bFGF or bFGF/RA and stained 7 days 
later. All clones were labeled with the indicated antibodies in one 
staining procedure (see Materials and Methods). 



grown in the presence of retinoic acid (RA) did not only 
fail to generate neurons, but did also not differentiate into 
oligodendrocytes. This result is consistent with observa- 
tions published by Noll and Miller (1994). Although the 
A2B5* cell population appears morphologically homoge- 
nous and uniform in its antigenic phenotype, it nevertheless 
remains to be determined whether this population is also 
truly homogenous in its differentiation potential. All A2B5 + 
cells that could be clonally expanded in the presence of 
PDGF and bFGF were multipotential and gave rise to both 
astrocytes and oligodendrocytes. Whether unipotent cells 
exist that require other expansion conditions remains a pos- 
sibility. We note, however, that less than 10% of the A2B5 
population underwent cell death when cells were expanded 
in PDGF and bFGF. Thus, if additional glial restricted pre- 
cursors exist they likely represent a small fraction of the 
A2B5 population. 

Our clonal analysis of A2B5 immunoreactive cells shows 
that single A2B5 + cells can be expanded and propagated in a 
mixture of PDGF/bFGF without losing their differentiation 
potential. Expanded clones can differentiate into astrocytes 
and oligodendrocytes but not into neurons. The culture con- 
dition determines what glial differentiation pathways are 
chosen by a clone. PDGF promotes the differentiation into 
oligodendrocytes, whereas bFGF promotes astrocytic differ- 
entiation. The presence of CNTF. leads to the coexpression 
of A2B5 and GFAP in the majority of cells. This appearance 
of the type-2 astrocytic phenotype could resemble a prefer- 
ence for a specific astrocytic differentiation pathway pro- 
moted by CNTF. Whether A2B5 + astrocytes generated in 
the presence of CNTF represent a functionally distinct phe- 
notype from the A2B5" astrocytes generated in the presence 
of bFGF remains to be determined. 

Comparison of the NEP-derived A2B5 + precursor with 
other glial -restricted precursors identified in the CNS 



(Aloisi et al, 1992; Blau and Hughes, 1990; Cameron and 
Rakic, 1991; Chan et al, 1990; Cochard and Giess, 1995; 
Davis and Temple, 1994; Elder et al, 1988; Fok-Seang and 
Miller, 1994; Fulton et al, 1992; Galileo et al, 1990; Gard 
et al., 1995; Grinspan et al, 1990; Hardy and Reynolds, 
1991; Hardy and V. L. Friedrich, 1996; Knapp, 1991; Luskin 
et al, 1993; Miller, 1996; Ono et al, 1995; Raff et al, 1983; 
Riykin et al, 1995; Wood and Williams, 1984) reveals sev- 
eral similarities and differences. NEP-derived A2B5 + cells 
share several characteristics with optic nerve-derived 0-2A 
progenitor cells, including morphology, migratory nature, 
responsiveness to PDGF and bFGF, and the ability to gener- 
ate oligodendrocytes and type-2 astrocytes. In contrast to 
postnatal 0-2A progenitor cells, however, NEP-derived 
A2B5 + cells can also give rise to astrocytes that are GFAP*/ 
A2B5" (and therefore not Type 2 astrocytes). Thus, it is 
possible, that A2B5 + cells purified from NEP ceils represent 
an earlier stage of glial precursor cell development than 
the A2B5 + 0-2A progenitor cells that have been studied so 
extensively. . .. 

Previous studies have also identified the existence of 
A2B5* precursor populations in the spinal cord which are 
able to generate oligodendrocytes and astrocytes (Fpk-Seang 



B 



FIG. 9. A2B5 + cells can be propagated without losing their differ- 
entiation potential. (A) Phase contrast picture of a long-term clone 
grown in PDGF/bFGF for 3 months after four passages. (B) An ali- 
quot of this clone was replated after trypsinization on a coverslip, 
grown in medium supplemented with PDGF, and stained after 10 
days with A2B5 (coumarin), of-GFAP (fluorescein), nr-GalC (rhoda- 
mine), and a-p-lU tubulin (rhodainine). The clone contained a 
mixed population of glial cells but no neurons. 
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FIG. 10. Model for the generation of glial cells from multipotent 
NEP cells. While neuroepithelial cells (NEP), which can be ex- 
panded in the presence of FGF and chick extract (CEEJ are not 
restricted in their differentiation potential to specific lineages upon 
CEE withdrawal, A2B5 + cells which arise from this NEP cell popu- 
lation progress to a stage where they lose the potential to generate 
neurons, but are still able to give rise to oligodendrocytes (O), a 
pathway promoted by platelet-derived growth factor (P), and ami- 
gcnically different types of astrocytes (A) depending on the presence 
of CNTF. These O-A progenitor cells can be expanded in the pres- 
ence of a combination of P and F. 



and Miller, 1992, 1994; Warf et al, 1991). Our results con- 
firm and extend these observations by demonstrating the 
transition from undifferentiated NEP to at least bipotential 
A2B5 + cells. It seems likely that at least a subpopulation 
of N£P-derived A2B5* cells described here is identical to 
previously described A2B5 + cells present in embryonic spi- 
nal cord. 

In summary, we have provided direct evidence for a lin- 
eage relationship between multipotent and lineage-re- 
stricted precursor cell populations and have identified mor- 
phological, antigenic, and cytokine dependence data to dis- 
tinguish between the two populations. The data presented 
show for the first time that the transition of multipotent 
cells to terminally differentiated cells involves the genera- 
tion of more restricted precursor cells. Equally importantly 
we have established an accessible culture system to follow 
the development of isolated precursor cells and to study the 
cellular and molecular events that regulate differentiation 
processes. It remains to be determined whether this para- 
digm is used by early stem cell populations derived from 
regions other than the spinal cord. 
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